Abstract: An improved understanding of temporal and spatial variations in soil respiration is essential for measuring soil CO 2 effluxes accurately. In this study, a field experiment was conducted to investigate the spatial and temporal variability of soil respiration between adjacent crop rows in a soybean (Glycine max L.) field. Soil CO 2 concentration, water content, and temperature at a 7.5 cm depth were recorded continuously at 0 cm, 12 cm, 24 cm, and 35 cm from the plant row during the growing season. Root biomass at the corresponding locations was collected from the 0 to 10 cm and 10 to 20 cm soil layers at three growth stages. Seasonal CO 2 efflux data showed that the minimum value appeared at the seeding stage, increased gradually, reached the maximum at the flowering and grain-filling stages, and then dropped steadily at the mature stage. Within a growth stage, CO 2 effluxes related positively to soil temperature, but negatively to soil water content. In the early and vigorous growing stages of soybean crop, soil respiration showed apparent diurnal variations, and was most significant at the crop row location. Except for the seeding stage, CO 2 effluxes at the crop row were larger than that of other locations, and effluxes at 35 cm from the row were representative of the mean CO 2 efflux between adjacent rows. We concluded that the spatial heterogeneity of CO 2 efflux between crop rows should be taken into consideration when measuring soil respiration in agricultural ecosystems.
Introduction
Soil respiration, the second largest carbon flux in agricultural ecosystems [1] , involves the generation and transport of CO 2 produced by biochemical processes, including root activities and soil organisms' metabolism [2] [3] [4] [5] . Numerous studies have shown that the spatial-temporal variation in soil CO 2 effluxes is significant at different scales and is sensitive to environmental factors, such as soil temperature [6, 7] , soil water [8, 9] , soil texture [10, 11] , and root density [12] . Limited information about differentiation and diversities at various scales brings about measurement uncertainties of CO 2 efflux from soil [13] [14] [15] . There is evidence that soil properties (e.g., total biomass and soil nitrogen levels) affect soil respiration differently from cm to km levels [16, 17] .
Accurate estimation of soil respiration at field and crop row scales is essential for assessing ecosystem carbon budget. However, few studies have focused on the spatial variation in soil respiration at micro-scales, e.g., between and within crop rows. Previous work has shown that soil temperature, soil water content, and root biomass distribute non-uniformly between crop rows [18] [19] [20] , which may affect the spatial and temporal distribution of soil respiration, and consequently CO 2 efflux at the
Materials and Methods

Site Description
The study was conducted in a soybean field at the Lishu Experimental Station of China Agricultural University, located in Jilin Province, China (124 • 22 E, 43 • 10 N). The region has a temperate semi-humid monsoon climate with mean annual precipitation of 573 mm and a mean annual air temperature of 5.9 • C [24] . The soil texture was silty clay loam (16.7% sand, 45.8% silt, and 37.5% clay) according to the USDA classification system [25] . Soybean (Glycine max L.) was sown on Day Of Year (DOY) 132 and harvested on DOY 278 of 2013, at a row spacing of 70 cm. A compound fertilizer (N/P/K = 15:15:15) was applied in the crop row at a rate of 500 kg·ha −1 at the planting time.
Soil and CO 2 Concentration Measurements
Soil CO 2 concentration was monitored continuously from DOY 152 to DOY 274 with CO 2 probes (model GMT221, Vaisala Inc., Helsinki, Finland). The cylindrical probes are 155 mm long and 18.5 mm in diameter. In order to characterize the soil respiration rate at various distances from the plant row, four probes were placed at 0, 12, 24, and 35 cm away from the plant row and at the depth of 7.5 cm ( Figure 1 ). Four soil temperature sensors (50 cm long and 4 mm in diameter, AV-10T-H, Avalon, USA) were also installed at the corresponding locations. The CO 2 and temperature sensors were connected to a data logger (RR-1010, Yugen Scientific, Inc., Beijing, China) that recorded the measurements every 30 min and reported the mean values every hour. In addition, soil water content at the 4 locations was recorded with a TDR 100 system (Campbell Scientific, Inc., Logan, UT, USA). The length, rod diameter, and rod-to-rod spacing of the TDR probes are 150 mm, 4.8 mm, and 22.5 mm, respectively.
Sustainability 2017, 9, 436 2 of 9 efflux at the row scale. In many field studies, however, CO2 measurement positions are chosen randomly [21] [22] [23] , which fails to account for the spatial variability of soil respiration between crop rows. The objective of this study was to investigate the spatial and temporal variability of soil respiration between adjacent crop rows and the relevant soil CO2 emission at the field scale.
Materials and Methods
Site Description
The study was conducted in a soybean field at the Lishu Experimental Station of China Agricultural University, located in Jilin Province, China (124°22′E, 43°10′N) . The region has a temperate semi-humid monsoon climate with mean annual precipitation of 573 mm and a mean annual air temperature of 5.9 °C [24] . The soil texture was silty clay loam (16.7% sand, 45.8% silt, and 37.5% clay) according to the USDA classification system [25] . Soybean (Glycine max L.) was sown on Day Of Year (DOY) 132 and harvested on DOY 278 of 2013, at a row spacing of 70 cm. A compound fertilizer (N/P/K = 15:15:15) was applied in the crop row at a rate of 500 kg·ha −1 at the planting time.
Soil and CO2 Concentration Measurements
Soil CO2 concentration was monitored continuously from DOY 152 to DOY 274 with CO2 probes (model GMT221, Vaisala Inc., Helsinki, Finland). The cylindrical probes are 155 mm long and 18.5 mm in diameter. In order to characterize the soil respiration rate at various distances from the plant row, four probes were placed at 0, 12, 24, and 35 cm away from the plant row and at the depth of 7.5 cm (Figure 1 ). Four soil temperature sensors (50 cm long and 4 mm in diameter, AV-10T-H, Avalon, USA) were also installed at the corresponding locations. The CO2 and temperature sensors were connected to a data logger (RR-1010, Yugen Scientific, Inc., Beijing, China) that recorded the measurements every 30 min and reported the mean values every hour. In addition, soil water content at the 4 locations was recorded with a TDR 100 system (Campbell Scientific, Inc., Logan, UT, USA). The length, rod diameter, and rod-to-rod spacing of the TDR probes are 150 mm, 4.8 mm, and 22.5 mm, respectively. Plant root density was measured at the flower bud differentiation stage, at the flowering and grain-filling stages, and at the mature stage. Soil samples were excavated with a root auger (10 cm in diameter) from the 0-10 cm and 10-20 cm soil layers at 0, 12, 24, and 35 cm away from the plant row. Plant root density was measured at the flower bud differentiation stage, at the flowering and grain-filling stages, and at the mature stage. Soil samples were excavated with a root auger (10 cm in diameter) from the 0-10 cm and 10-20 cm soil layers at 0, 12, 24, and 35 cm away from the plant row. The measurements were replicated three times. After washing soil particles, fresh roots were collected and oven-dried at 80 • C to a constant mass, and root biomass density was estimated.
Estimation of Soil CO 2 Concentration and Data Analysis
The CO 2 concentration collected with the data logger was expressed in volume fraction (ppm), which was converted to mole concentration (µmol·m −3 ) [26] . We estimated CO 2 flux at the soil surface by assuming that CO 2 concentration at the soil surface was 380 ppm [27] , and CO 2 diffused away one dimensionally from the soil. Thus, CO 2 flux was estimated by using the Fick's first law of gas diffusion [26] ,
where F is CO 2 efflux (µmol·m −2 ·s −1 ), D s is CO 2 diffusivity in soil (m 2 ·s −1 ), and dC dz (µmol·m −3 ) is the vertical CO 2 concentration gradient from soil surface to depth z (0.075 m).
Parameter D s was computed according to the Millington-Quirk model [28] ,
where D 0 is the CO 2 diffusion coefficient in free air, ε is volumetric air content (air-filled porosity), and ϕ is the soil porosity. D 0 is a function of temperature and was calculated using the Armstrong model [29] ,
where T is soil temperature (K). Soil porosity ϕ is the sum of ε and the volumetric water content (θ), which was estimated using the following equation:
where ρ b and ρ s are soil the bulk density and particle density, respectively. The soil particle density ρ s was assumed to be 2.65 g·cm −3 [30] . For soil bulk density determination, three soil cores were collected before soybean seeding with a ring sampler and oven-dried at 105 • C in laboratory. The average value was 1.42 g·cm −3 .
Linear correlation analysis was conducted to determine the relationships between CO 2 efflux and soil temperature and water content. Differences of root biomass density among the four measurement locations were tested statistically. Data analyses were performed by using the SPSS 11.0 package (SPSS, Chicago, IL, USA). Figure 2 presents the seasonal variation in soil CO 2 efflux, soil temperature, and soil water content at 0, 12, 24, and 35 cm from DOY 153 to DOY 274. There are some missing data due to equipment malfunction. The CO 2 effluxes were lower at crop emergence and vegetative growing stages (before DOY 171), then increased gradually with time and reached the maximum at the flowering and grain-filling stages (from DOY 171 to DOY 240), and dropped steadily at the mature stage (after DOY 240). The maximum CO 2 efflux, 1.84 µmol·m −2 ·s −1 , appeared on DOY 239. Except for the seeding stage, the CO 2 efflux at the crop row (i.e., at 0 cm) was larger than that of other locations. For all four locations, the mean CO 2 effluxes were lowest at the seeding stage ( Figure 2) .
Results and Discussion
Seasonal Variation in Soil CO 2 Efflux
Soil water content and soil temperature are the two main factors controlling soil respiration rate [11, 31] . Within a growth stage, soil respiration related positively to soil temperature except for Sustainability 2017, 9, 436 4 of 9 the 24 cm location at the seeding stage and the 0 cm location at the flowering and grain-filling stages (Table 1) , while soil water content related negatively to the soil respiration rate (Table 2) . Our results agreed with Xu and Qi [15] who found that the seasonal trend of the soil CO 2 efflux followed that of the soil temperature rather than the soil moisture when soil water content was relatively high. Frequent precipitation since June (i.e., about 47.8 mm more than that of the normal years) led to a high level of soil water content that ranged from 0.25 to 0.50 m 3 ·m −3 . As a result, soil respiration and CO 2 flow was restricted due to the limited availability of oxygen [32, 33] and the reduced diffusion pathways [21] .
Sustainability 2017, 9, 436 4 of 9 1), while soil water content related negatively to the soil respiration rate (Table 2) . Our results agreed with Xu and Qi [15] who found that the seasonal trend of the soil CO2 efflux followed that of the soil temperature rather than the soil moisture when soil water content was relatively high. Frequent precipitation since June (i.e., about 47.8 mm more than that of the normal years) led to a high level of soil water content that ranged from 0.25 to 0.50 m 3 ·m −3 . As a result, soil respiration and CO2 flow was restricted due to the limited availability of oxygen [32, 33] and the reduced diffusion pathways [21] . The increase in soil CO2 efflux with temperature at the early stages (until the flowering and grain-filling stages) was caused in part by the promotion effect of temperature on root biomass production [34, 35] . Root respiration is a major component of soil respiration, and the contribution of root respiration to the soil CO2 efflux can be very high: 50%-93% in arctic tundra [36] , 35%-62% in boreal forests [37] , and as high as 60% in farmlands [38] . Plant root respiration and root density usually reach the maximum at about the same time [39] . The increase in soil CO 2 efflux with temperature at the early stages (until the flowering and grain-filling stages) was caused in part by the promotion effect of temperature on root biomass production [34, 35] . Root respiration is a major component of soil respiration, and the contribution of root respiration to the soil CO 2 efflux can be very high: 50%-93% in arctic tundra [36] , 35%-62% in boreal forests [37] , and as high as 60% in farmlands [38] . Plant root respiration and root density usually reach the maximum at about the same time [39] . 
Diurnal Variation in Soil CO 2 Efflux
We selected three sunny days, DOY 189, DOY 234, and DOY 260, which represented the flower bud differentiation stage, the flowering and grain-filling stages, and the mature stage, respectively, to demonstrate the daily variations in soil CO 2 efflux, soil temperature, and water content (Figure 3) . While there were strong diurnal soil temperature variations in all cases, no apparent diurnal soil water content changes were observed. The CO 2 efflux responded dynamically to soil temperature: it was at the minimum at 5:00-8:00, increased gradually and reached the maximum at 15:00-18:00, and then decreased slowly. The trend was especially clear in the early and vigorous growing stages of the root zone (i.e., the 0 cm location). In addition, the CO 2 efflux at the flowering and grain-filling stages (the peak growing season with the highest temperature) was significantly higher than that of the other periods. Thus, the diurnal CO 2 efflux fluctuation was driven primarily by soil temperature changes. This is explained by the fact that root (autotrophic) and microbial (heterotrophic) activities are increased with temperature [40] . 
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We selected three sunny days, DOY 189, DOY 234, and DOY 260, which represented the flower bud differentiation stage, the flowering and grain-filling stages, and the mature stage, respectively, to demonstrate the daily variations in soil CO2 efflux, soil temperature, and water content (Figure 3) . While there were strong diurnal soil temperature variations in all cases, no apparent diurnal soil water content changes were observed. The CO2 efflux responded dynamically to soil temperature: it was at the minimum at 5:00-8:00, increased gradually and reached the maximum at 15:00-18:00, and then decreased slowly. The trend was especially clear in the early and vigorous growing stages of the root zone (i.e., the 0 cm location). In addition, the CO2 efflux at the flowering and grain-filling stages (the peak growing season with the highest temperature) was significantly higher than that of the other periods. Thus, the diurnal CO2 efflux fluctuation was driven primarily by soil temperature changes. This is explained by the fact that root (autotrophic) and microbial (heterotrophic) activities are increased with temperature [40] . It was interesting to observe that the CO2 efflux generally lagged behind soil temperature during the early growing seasons, but was in pace with soil temperature in the late growing stages (Figure 3 ), which agreed with the report of Parkin and Kaspar [41] who observed a phase shift It was interesting to observe that the CO 2 efflux generally lagged behind soil temperature during the early growing seasons, but was in pace with soil temperature in the late growing stages (Figure 3 ), which agreed with the report of Parkin and Kaspar [41] who observed a phase shift between soil CO 2 efflux and soil temperature. Riveros-Iregui et al. [42] demonstrated that diurnal hysteresis between soil CO 2 and soil temperature was controlled mainly by soil water content. Comparing with conditions at low water content levels, a larger amount of soil water resulted in a greater CO 2 production rate but a lower CO 2 diffusion rate [42] .
Correlation analysis showed that there was a significant negative correlation between CO 2 efflux and soil water content, an indication that high water content might have limited CO 2 production and transport. There was a positive correlation between soil respiration and soil temperature in the row, especially at the early growing seasons, but the correlation became smaller with distance from crop row, and eventually disappeared at 24 and 35 cm away from the crop, especially at the mature stage ( Table 3) . 
Spatial Heterogeneity of the Soil CO 2 Efflux
A strong inter-row spatial variability of CO 2 efflux was observed in both seasonal and diurnal results, and the variability differed among the crop growth stages (Figures 2 and 3) . At the seeding stage, the magnitude of CO 2 efflux was in the order of 35 cm > 24 cm > 12 cm > 0 cm, which followed the spatial pattern of soil water content distribution. In the bud differentiation period and pod formation stages, CO 2 efflux was higher in the crop row (0 cm) than that of other positions, which might be caused by the greater root biomass and therefore higher root respiration rates in the crop row (Table 4) . At the pod-filling and grain maturity stages, the CO 2 efflux followed the order of 0 cm > 35 cm > 24 cm > 12 cm. The highest root biomass and the lowest water content level produced the highest CO 2 efflux in the crop row. For the other locations, the magnitude of the CO 2 efflux was a result of the joint effect of plant respiration and water content. Soil water content was the dominant factor related to the CO 2 efflux. At the 12 cm location, low air-filled porosity limited CO 2 transfer in soil and resulted in a lower CO 2 efflux. On the other hand, higher air-filled porosity at the 35 cm location produced a higher CO 2 efflux than that of the 12 cm location, although the root biomass at 35 cm was relatively lower. The spatial pattern of soil temperature among the four locations during the growing season was not clear, which explained why temperature did not drive differences in the CO 2 efflux among the locations. Means followed by the star (*) in a row differed significantly at p< 0.05.
The spatial heterogeneity of the soil CO 2 efflux was also reflected in the daily variation in soil respiration. The daily ranges of CO 2 efflux at the 0, 12, 24, and 35 cm locations were 0.40, 0.06, 0.10, Sustainability 2017, 9, 436 7 of 9 and 0.06 µmol·m −2 ·s −1 , respectively (Figure 3) . The daily amplitude of the CO 2 efflux in the row was significantly higher than that of other positions because root biomass at this location was the highest, which boosted soil respiration [43, 44] . Over the entire growing season, the average soil CO 2 efflux at locations 0, 12, 24, and 35 cm away from the plant row were 0.444, 0.126, 0.126, and 0.187 µmol·m −2 ·s −1 , respectively, and the synthetic average soil CO 2 efflux of all positions was 0.221 µmol·m −2 ·s −1 . Thus, for this study, the soil CO 2 efflux at 35 cm away from the plants approached the average of the CO 2 effluxes of the four locations during the soybean growth period.
Many researchers have shown that soil respiration is characterized by high spatial and temporal variations among different ecosystems [22, 45, 46] . Soil temperature and water, which are the key environmental factors controlling CO 2 effluxes from soil, also affect root biomass and its activity [47] . Systematic spatial patterns of soil temperature and water content [48] control the spatial heterogeneity of soil respiration and CO 2 effluxes. Higher soil respiration occurs generally near the plant as a result of greater root biomass than locations away from the plant [13, 34, [49] [50] [51] . In our research, the CO 2 efflux at the 0 cm position was higher than that at other locations, which was consistent with previous findings. The seasonal variation in soil respiration was mainly due to temporal patterns of temperature and plant growth, while the radial gradient in total root biomass and the spatial distribution of water content were the dominant factors of inter-row spatial heterogeneity of the soil CO 2 effluxes among the four locations.
It is difficult to estimate soil respiration due to its high spatial variability [13, 14] . The complex spatial patterns of soil properties (e.g., soil temperature, water, and root biomass) enhance the spatial variability of soil CO 2 efflux. For more accurate measurements and calculations of soil CO 2 effluxes in agricultural ecosystems, the arrangement of observation locations should be considered carefully [52] . For this particular study, it appears that the average CO 2 efflux at 35 cm from the crop row was representative of the mean CO 2 efflux between any two crop rows.
Conclusions
We investigated the spatial and temporal variability of soil CO 2 effluxes within crop rows in a soybean field by in situ monitoring soil CO 2 effluxes during the growing season. The CO 2 efflux was low during early growth stages and reached the maximum at the flowering and grain-filling stages. The diurnal soil CO 2 efflux generally lagged behind soil temperature. Soil temperature was the key factor that drove the seasonal and diurnal variability of CO 2 efflux. A strong inter-row spatial variability of CO 2 efflux was observed in both seasonal and diurnal results: the soil CO 2 efflux under the plants was significant larger than that of other locations between crop rows, due to the higher root biomass. The spatial and temporal heterogeneity of soil respiration should be considered for more accurate measurement and estimation of soil respiration rate.
